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ABSTRACT
High-energy emission from gamma-ray bursts (GRBs) is widely expected but had
been sparsely observed until recently when the Fermi satellite was launched. If > TeV
gamma rays are produced in GRBs and can escape from the emission region, they
are attenuated by the cosmic infrared background photons, leading to regeneration
of ∼ GeV-TeV secondary photons via inverse-Compton scattering. This secondary
emission can last for a longer time than the duration of GRBs, and it is called a pair
echo. We investigate how this pair echo emission affects spectra and light curves of
high energy afterglows, considering not only prompt emission but also afterglow as
the primary emission. Detection of pair echoes is possible as long as the intergalactic
magnetic field (IGMF) in voids is weak. We find (1) that the pair echo from the primary
afterglow emission can affect the observed high-energy emission in the afterglow phase
after the jet break, and (2) that the pair echo from the primary prompt emission
can also be relevant, but only when significant energy is emitted in the TeV range,
typically Eγ,>0.1 TeV > Y (1 + Y )
−1
ǫeEk. Even non-detections of the pair echoes could
place interesting constraints on the strength of IGMF. The more favorable targets to
detect pair echoes may be the “naked” GRBs without conventional afterglow emission,
although energetic naked GRBs would be rare. If the IGMF is weak enough, it is
predicted that the GeV emission extends to > 30− 300 s.
Key words: gamma rays: bursts — magnetic fields — radiation mechanisms: non-
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1 INTRODUCTION
High-energy emission from gamma-ray bursts (GRBs) has
been expected and various theoretical possibilities have been
discussed by numerous authors (see e.g., Fan & Piran 2008,
and references there in). In fact, EGRET detected sev-
eral GRBs with GeV emission (e.g., Hurley et al. 1994). Re-
cently, the Fermi satellite was launched and the onboard
Large Area Telescope (LAT) is widely expected to detect
high-energy (> GeV) emission from a fraction of GRBs. In
addition, other space- and ground-based gamma-ray obser-
vatories such as AGILE, MAGIC, VERITAS and HESS also
regard GRBs as one of the main scientific targets. Theoret-
ically there are the two main classes as high-energy emis-
sion mechanisms, i.e., leptonic and hadronic mechanisms.
The leptonic mechanisms include synchrotron self-Compton
(SSC) emission and external inverse-Compton emission,
which are the most discussed scenarios for both the prompt
and the afterglow emission components. High-energy SSC
⋆ E-mail: kmurase@yukawa.kyoto-u.ac.jp
emission is produced by relativistic electrons that ra-
diate seed synchrotron photons (e.g., Sari & Esin 2001;
Zhang & Me´sza´ros 2001; Guetta & Granot 2003). In addi-
tion, there are various possibilities for external inverse-
Compton emission. For example, prompt gamma-ray pho-
tons or the X-ray flare photons may act as seed photons
for the relativistic electrons accelerated during the after-
glow phase in the external shocks (e.g., Beloborodov 2005;
Wang et al. 2006). The hadronic mechanisms include syn-
chrotron radiation of high-energy baryons, synchrotron ra-
diation of the secondary leptons generated in photohadronic
interactions, as well as the photons directly produced from
π0 decays. In order to see the baryon synchrotron radia-
tion, sufficiently strong magnetic fields are typically required
(e.g., Gupta & Zhang 2007; Murase et al. 2008a). Other-
wise, photohadronic components would dominate over the
baryon synchrotron component as long as the photon den-
sity is high enough. Hadronic gamma rays can be observed
only when the nonthermal baryon loading is large enough
(e.g., Murase & Nagataki 2006; Asano & Inoue 2007). So
far, both emission mechanisms have been widely considered
in the standard scenario (see reviews, e.g., Me´sza´ros 2006;
c© 2008 RAS
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Zhang 2007), i.e., the internal shock model for the prompt
emission and the external shock model for the afterglow
emission, respectively.
Both mechanisms can in principle produce > 1
TeV photons, although high-energy photons may
not escape from the source due to two-photon pair
production, especially during the prompt emission
phase (Lithwick & Sari 2001; Gupta & Zhang 2008;
Murase & Ioka 2008; Granot et al. 2008). Even if such
super-TeV photons can escape from the source, they still
suffer from pair creation due to the interaction with the
cosmic infrared background (CIB) or the cosmic microwave
background (CMB). In particular, the direct detection of
TeV photons would be difficult for GRBs with redshift
z > 1. On the other hand, the electron-positron pairs
resulting from the pair creation are still energetic, so
that they up-scatter numerous CMB photons via the
inverse-Compton process. Such secondary photons are able
to reach the observer in a longer duration than the duration
of primary emission, and a significant fraction of them may
be observed with a time delay due to several effects such
as magnetic deflection and angular spreading. Therefore,
this emission is called ”pair echo” emission, with a typical
energy in the range of ∼ (1 − 100) GeV. This pair echo
emission is not only indirect evidence of the intrinsic TeV
emission but also a clue to probe the weak intergalactic
magnetic field (IGMF) of BIG < 10
−16 G (Plaga 1995).
The Plaga’s method is hitherto the only one to
probe very weak magnetic fields of BIG < 10
−16 G.
Other methods utilizing Faraday rotation or cosmic mi-
crowave background are sensitive to magnetic fields of or-
der BIG ∼ 1 nG (Kronberg 1994). The presence of very
weak IGMFs has been predicted by several mechanisms,
such as inflation (e.g., Turner & Widrow 1988), reioniza-
tion (e.g., Gnedin et al. 2000) and density fluctuations (e.g.,
Takahashi et al. 2005; Ichiki et al. 2006). Observations of
IGMFs in voids would give important information on the ori-
gin of the galactic magnetic fields (Widrow 2002), although
they may be contaminated by astrophysical sources such as
galactic winds or quasar outflows (Furlanetto & Loeb 2001).
In this paper, we reinvestigate the observational effects
of the possible pair echo emission of GRB high-energy
emission in the afterglow phase. Three criteria should
be satisfied to detect pair echo emission: (1) the object
must emit ∼ TeV gamma rays leading to pair echoes;
(2) the pair echo flux must be higher than the detector’s
flux sensitivity; and (3) the pair echo emission compo-
nent must not be masked by other emission components.
Concerning the point (1), TeV photons from GRBs can
be emitted during both the prompt and the afterglow
phases. Here we consider both as the primary emission
components for the echoes, by acknowledging that during
the prompt phase strong TeV gamma rays are expected
only for a small fraction of GRBs due to the large γγ
optical depth, as has been studied by various authors
(Dai & Lu 2002; Murase et al. 2007; Razzaque et al. 2004;
Takahashi et al. 2008). Concerning the point (2), we need
to evaluate the pair echo flux quantitatively. This flux
depends on the amount of the CIB photons, the IGMF
strength, and the source distance. As for the CIB, we
use the acceptable CIB models given by Kneiske et al.
(2002, 2004). In order to take into account of the effects of
the IGMF properly, we adopt the formulation developed
by Ichiki et al. (2008), which enables us to calculate the
time-dependent spectra better than the previous works
(Dai et al. 2002; Dai & Lu 2002; Razzaque et al. 2004;
Wang et al. 2004; Murase et al. 2007). In addition, we have
also taken into account up-scatterings of the CIB photons
as well as the CMB photons. This effect was neglected in
the previous work for simplicity (Takahashi et al. 2008),
but it can be also important (Murase et al. 2007). In this
work, we focus on the detectability of the Fermi LAT, which
is the most suitable one for our purpose, but also touch
upon the capabilities of other ground based TeV detectors
such as MAGIC and VERITAS. Concerning the point
(3), we pay special attention to the high-energy afterglow
emission, which is the main competitor of the pair echoes,
and compare the its strengths with respect to the echo
components. Such a comparison was not done for previous
researchers who studied the pair echo. At present, a de-
tailed comparison between the pair echoes and high-energy
afterglows is highly uncertain, as both have never been
clearly detected. Since various predictions of high-energy
emission rely on many model assumptions, they should be
tested by observations of Fermi, MAGIC, VERITAS and
other detectors. Despite of these uncertainties, we think
it would be interesting and important to study effects of
pair echoes that can affect high-energy emission, especially
in the late phase (Dai & Lu 2002; Razzaque et al. 2004;
Murase et al. 2007; Takahashi et al. 2008).
2 EMISSION CHARACTERISTICS
2.1 GRB Primary Emission
For a typical long-duration GRB, prompt gamma-ray emis-
sion is observed in a duration of ∆T ∼ (10 − 100) s. The
typical isotropic energy is around E isoγ ∼ 1053 ergs. The
observed specific flux spectrum is well approximated by a
broken power-law, Fγ ∝ (Eγ/Ebγ)−α+1 for Eγ < Ebγ and
Fγ ∝ (Eγ/Eγb)−β+1 for Ebγ < Eγ , where Ebγ is the break
energy which is typically ∼ 300 keV. α and β are the low-
and high-energy photon indices, respectively. In this work,
we extrapolate this spectrum to higher energies and adopt
Fγ ∝ (Eγ/Eγb)−β+1 for 0.1 TeV < Eγ < Ecutγ , where Ecutγ
is the intrisic cutoff energy which is typically determined by
the opacity of pair production. Whether TeV gamma rays
can escape from the source strongly depends on the Lorentz
factor and the emission radius. Only when these quantities
are large, do we expect TeV gamma rays escaping from the
source, i.e., Ecutγ > 1 TeV. Notice that although the SSC
or possible hadronic mechanism leads to more complicated
spectra (e.g., Guetta & Granot 2003; Gupta & Zhang 2007;
Asano & Inoue 2007), this simplification is sufficient for cal-
culating the pair echo (e.g., Murase et al. 2007). The pair
echo is a kind of regenerated processes, which is composed
of up-scattered CMB and CIB photons. The resulting pair
echo spectrum sensitively depends on the intrinsic cutoff
energy, while it is not so sensitive to source electron spec-
tral indices of p < 3 for a given Ecutγ (Murase et al. 2007).
When the intrinsic cutoff energy is low enough, the result-
ing spectrum basically reflects the seed CMB and CIB spec-
c© 2008 RAS, MNRAS 000, 1–9
Possible Effects of Pair Echoes on GRB Afterglow Emission 3
tra1, which roughly leads to the spectral peak of ∼ ((1 +
z)Ecutγ /2mec
2)2kBT
′
CMB/(1+ z). Here, T
′
CMB = 2.73(1 + z)
K is the local CMB temperature. On the other hand, when
the intrinsic cutoff energy is high enough, high-energy sec-
ondary photons are re-absorbed, and the resulting spectrum
has the cutoff due to CMB/CIB absorption. As the intrin-
sic cutoff energy is higher, the cascade effect becomes more
and more significant, i.e., repeating the pair creation and
inverse-Compton scattering is important. It affects the re-
sulting spectrum, erasing the memory of the primary spec-
trum in the high energies. Rather, the radiation energy out-
put above TeV is important for the pair echo flux, and we
normalize the primary flux through the isotropic radiation
energy above 0.1 TeV, Eγ,>0.1 TeV.
The prompt emission is followed by the afterglow phase,
during which the relativistic ejecta is decelerated by a cir-
cumburst medium. A pair of external shocks (forward and
reverse) form, from which electrons (and possibly baryons)
are accelerated and radiate afterglow photons. High-energy
emission during this phase was predicted by many au-
thors in both of the reverse and forward shock models.
(see Fan & Piran 2008, and references there in). TeV emis-
sion in the external shocks has a smaller optical depth for
pair production, and hence, can escape the source more
easily. For the forward shock, the characteristic energies
for the SSC emission are given by (e.g., Sari & Esin 2001;
Zhang & Me´sza´ros 2001; Guetta & Granot 2003)
EmSSC ≃ 2.3× 103 eV g4−1 ǫ4e,−1 ǫ
1
2
B,−2 E
3
4
k,53 n
−
1
4
0 t
−
9
4
4 (1)
EcSSC ≃ 2.2× 1010 eV ǫ−
7
2
B,−2 E
−
5
4
k,53 n
−
9
4
0 (1 + Y )
−4 t
−
1
4
4 ,(2)
where ǫB and ǫe are the fractions of the shock energy
transferred to the downstream magnetic fields and non-
thermal electrons, respectively. g = g(p) is a numerical
factor, which is expressed as g(p) = (p − 2)/(p − 1) for
p > 2 and the typical value for p ∼ 2 is g ∼ 0.1. Ek
is the isotropic kinetic energy of the ejecta, n is the cir-
cumburst medium density2, and Y is the Compton param-
eter. For ǫe > ǫB , we roughly have
3 Y ∼
p
ǫe/ǫB (e.g.,
Sari & Esin 2001; Zhang & Me´sza´ros 2001), and the high-
energy emission spectrum is written as FSSC ∝ ESSC1/3 for
ESSC < E
m
SSC, FSSC ∝ ESSC−(p−1)/2 for EmSSC < ESSC <
EcSSC and FSSC ∝ ESSC−p/2 for EcSSC < ESSC < EcutSSC,
where p ∼ 2 − 3 is the spectral index of the accelerated
electrons. Here EcutSSC is the cutoff energy determined either
by the pair-creation opacity or the Klein-Nishina limit (e.g.,
Zhang & Me´sza´ros 2001). The energy flux at the SSC peak
1 If the spectrum of relativistic pairs is expressed by a power-law
with an index of s, the inverse-Compton spectrum is expected
as Fγ ∝ ε
−
s−1
2 below the peak. However, the pair spectrum is
strongly affected by the CIB field, and is proportional to (1 −
e−τγγ(Eγ ,z)), where τγγ (Eγ , z) is the optical depth of photons
with Eγ emitted at the redshift z. Since the pair echo spectrum
is rather sensitive to the IGMF and the CIB spectrum, it is not
easy to know a source electron spectral index p.
2 We focus on the uniform medium in this work.
3 Y ∼
p
ǫe/ǫB is expected when only the first SSC component
is important. In fact, the second SSC component is typically neg-
ligible due to the Klein-Nishina suppression in the optically thin
synchrotron scenario.
(for p ∼ 2) is evaluated as
EcSSC F
c
SSC ≃ 2.7 × 10−8 GeV cm−2 s−1
× Y (1 + Y )−1g−1ǫe,−1Ek,53t−14 D−228 , (3)
by which we can normalize the SSC spectrum. The above
temporal behavior is typically valid from the break time of
tb ∼ 104 s to the next break time of tj ∼ 105 s during the
so-called normal decay phase of X-ray afterglow. Afterglow
light curves of some GRBs are steepened after tj , which is
often interpreted as a jet break when the Lorentz factor Γ
becomes the inverse of the jet opening angle4 1/θj (Rhoads
1999; Sari et al. 1999). The temporal behavior after the jet
break tj is expected as E
m
SSC ∝ t−3, EcSSC ∝ t1, EcutSSC ∝ t−1/2
and EcSSCF
c
SSC ∝ t−2.
The afterglow behavior before tb cannot be inter-
preted by the standard afterglow model. As observed
by Swift, a good fraction of X-ray afterglow has a
shallow decay phase lasting from ta ∼ 103 s (at
which the shallow decay emission becomes dominant in
x rays) to tb ∼ 104 s (see, e.g., Nousek et al. 2006;
O’Brien et al. 2006), which has a decay slope of ∝ t−(0−0.8).
Several models have been proposed for explaining this
phase (see, e.g., Zhang et al. 2006; Eichler & Granot 2006;
Genet et al. 2007; Ghisellini et al. 2007; Panaitescu 2007;
Uhm & Beloborodov 2007; Yamazaki 2009), and one of the
mostly discussed interpretations is continuous energy injec-
tion into the forward shock. Here we consider the modi-
fied forward shock model with the energy injection of the
form Ek ∝ t1−q, where q parameterizes the energy injec-
tion and q = 1 corresponds to the case of no energy in-
jection. Such modified forward shock models are supported
by the lack of spectral evolution across tb and the compli-
ance of the “closure relations” in the normal decay phase
after tb (Liang et al. 2007a). During this phase, the tempo-
ral behavior of various parameters are EmSSC ∝ t−3/2−3q/4,
EcSSC ∝ t−3/2+5q/4, EcutSSC ∝ t−q/4 and EcSSCF cSSC ∝ t−q
(Fan et al. 2008). We have calculated the high energy light
curves of the SSC emission during this phase. Similar cal-
culations were performed by e.g., Gou & Me´sza´ros (2007),
Wei & Fan (2007), and Fan et al. (2008).
2.2 Pair Echo Emission
Pair echoes are the up-scattered CMB and CIB photons
by the electron-positron pairs produced via the attenua-
tion of the primary TeV photons by the CIB. For a given
primary spectrum, the total fluence of the pair echo emis-
sion is determined by the γγ optical depth of the CIB,
and does not depend on the IGMF as long as the de-
flection angle is much smaller than the jet opening an-
gle. Primary photons with energy Eγ are converted to
pairs with Lorentz factor γe ≈ 106(Eγ/1TeV)(1 + z) in
the local cosmological rest frame, which then up-scatter
CMB and CIB photons. CMB photons are boosted to ener-
gies ∼ 2.82kBT ′CMBγ2e/(1 + z) ≈ 0.63(Eγ/1TeV)2(1 + z)2
GeV. To evaluate the pair echo flux, we must con-
sider various time scales involved in the process, such as
the angular spreading time, and the delay time due to
4 Notice that the predicted achromaticity of this jet-like break is
only verified for a fraction of GRBs (Liang et al. 2008)
c© 2008 RAS, MNRAS 000, 1–9
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magnetic deflections (e.g., Dai & Lu 2002; Dai et al. 2002;
Razzaque et al. 2004). These can be estimated as follows
(Takahashi et al. 2008; Murase et al. 2008b).
The angular spreading time is ∆tang ≈ (1 +
z)(λ′IC + λ
′
γγ)/2γe
2c, where λ′γγ ≈ (0.26σTn′CIB)−1 ≈
20 Mpc (n′CIB/0.1 cm
−3)
−1
is the local γγ mean free
path in terms of the local CIB photon density n′CIB, and
λ′IC = 3mec
2/(4σTU
′
CMBγe) ≈ 690 kpc(γe/106)−1(1 + z)−4
is the local IC cooling length in term of the local CMB
energy density U ′CMB. At the energies of our inter-
est, λ′γγ ≫ λ′IC so that ∆tang ≈ (1 + z)λ′γγ/2γe2c ≈
960 s(γe/10
6)
−2
(n′CIB/0.1 cm
−3)
−1
(1 + z). For sufficiently
small deflections in weak IGMFs with the present-
day amplitude BIG = B
′
IG(1 + z)
−2 and coherence
length λcoh = λ
′
coh(1 + z), the magnetic deflection
angle is θB = min[λ
′
IC/rL, (λ
′
ICλ
′
coh)
1/2
/rL], where
rL = γemec
2/eB′IG is the Larmor radius of the elec-
trons or positrons5. The delay time due to magnetic
deflection is ∆tB ≈ (1 + z)(λ′IC + λ′γγ)(θ2B/2c). For co-
herent magnetic fields with λ′coh > λ
′
IC, we have ∆tB ≈
max[6.1 × 103 s(γe/106)−5(BIG/10−20 G)2(1 + z)−7, 1.6 ×
105 s(γe/10
6)
−4
(n′CIB/0.1 cm
−3)
−1
(BIG/10
−20 G)
2
(1 + z)−3].
Note that the deflection angle due to successive IC scatter-
ing θIC ≈
√
NkBT
′
CMB/mec
2 is usually very small, where
N ≈ λ′IC/l′IC ∼ 1000 is the number of scatterings and l′IC
is the IC scattering mean free path. We have also assumed
that both 1/γe and θB do not exceed θj ; otherwise a
significant fraction of photons or pairs will be deflected out
of the line of sight and the echo flux is greatly diminished.
In order to calculate the pair echo flux, we adopt the
formalism developed by Ichiki et al. (2008), which enables
us to calculate the time-dependent spectra in a more satis-
factory manner, particularly at late times, accounting prop-
erly for the geometry of the pair echo process. In previ-
ous works, explicit descriptions of the time-dependent spec-
tra were not possible without some ad hoc modifications
(Ando 2004; Murase et al. 2007).
3 EFFECTS OF PAIR ECHOES ON
HIGH-ENERGY AFTERGLOW EMISSION
In this section, we present our results and compare the pair
echo emission with the afterglow emission. The detectability
by the Fermi/LAT detector and the ground-based MAGIC
telescope are also discussed. One main uncertainty stems
from the CIB models, which can affect not only the pair
echo fluence but also the time scales for angular spreading
and magnetic deflection at all redshifts. Recent high-energy
observations of TeV blazars point to a low-IR CIB model,
close to the lower limit from the galaxy count data (e.g.,
Albert et al. 2008) (but see, e.g., Stecker & Scully 2008).
Hence, we here adopt the low-IR CIB model presented by
Kneiske et al. (2002, 2004). More detailed discussion on the
effects of the CIB is found in Murase et al. (2007). As for the
afterglow parameters in the forward shock model, we adopt
Ek = 1052−53 ergs, ǫe = 0.1, ǫB = 0.01, n = 1 cm−3 and
5 There was a typo on the expression of θB in Murase et al.
2008b. The “minimum” is correct rather than the “maximum”.
The calculations were performed properly.
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Figure 1. Primary and pair echo spectra for the canonical af-
terglow with Ek = 10
53 ergs and p = 2.0, plotted at t = 103.5 s
(blue), t = 104.5 s (green) and t = 105.5 s (red), for the case of
BIG = 10
−20 G, λcoh = 1 Mpc, and z = 0.1. The Fermi/LAT
and MAGIC II sensitivities (with the duty factor of 20 %) are also
overlayed (Carmona et al. 2007). Note that the sensitivity curves
in the sky survey mode are used for the long time observations,
although the possible continuous observations by LAT may im-
prove the detectability by a factor of 3-5 (e.g., Gou & Me´sza´ros
2007).
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Figure 2. Primary and pair echo light curves for the canonical
afterglow with Ek = 10
53 ergs and p = 2.0, compared with the
LAT sensitivity at 1 GeV (thick) and 10 GeV (thin), for the case
of BIG = 10
−20 G with with λcoh = 1 Mpc and BIG = 10
−18 G
with λcoh = 0.1 kpc. The source redshift is z = 0.1.
p = 2.0 − 2.4. We also assume the energy injection index
q = 0.5 before tb = 10
4 s, and take the jet break time as
tj = 10
5 s.
3.1 Afterglow-Induced Pair Echoes vs Afterglows
In Figs. 1 and 2, we show the resulting spectra and light
curves of the afterglow-induced pair echo and the primary
afterglow emission. We can see that the echo component
is out-shined by the afterglow component during the shal-
low and normal decay phases. This result is consistent with
Ando (2004), who argued that observed emission is unaf-
fected by the pair echo. The situation changes dramatically
c© 2008 RAS, MNRAS 000, 1–9
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Figure 4. Primary and pair echo light curves for the canonical
afterglow with Ek = 10
52 ergs, for the cases of p = 2.0 and p = 2.4,
respectively. Light curves at 1 GeV (thick) and 10 GeV (thin) are
shown for the case of BIG = 10
−20 G with λcoh = 1 Mpc. The
source redshift is z = 0.1.
after the jet break. The pair echo emission lasts for a long
time because of the IGMF deflection of the pairs, and it can
dominate the afterglow after the jet break by as much as
an order of magnitude. It can be observed only for nearby
GRBs with z < 0.2 for our afterglow parameters.
If a GRB is very nearby and energetic, we may detect
many photons at ∼ GeV energies and even observe TeV pho-
tons during the afterglow phase. In such a case, in principle
a non-detection of the high energy pair echo would allow us
to obtain the lower limit on the IGMF. This is because if
BIG = 0 one would expect an excess of the echo flux Fsec over
the primary flux Fpri. The non-detection of the echo emis-
sion can then be attributed to the effect of a finite IGMF,
which deflects the secondary pairs to reduce the secondary
echo flux to be Fsec < max(Fpri, Flim), where Flim is the de-
tector sensitivity (Murase et al. 2008b). The expected lower
bound with our afterglow parameters (Ek = 1053 ergs and
p = 2.0) for a GRB with z = 0.1 is estimated as
BIG ·min[λ1/2coh, λ1/2IC ] > 10−21 G Mpc1/2. (4)
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Figure 5. Spectra of the afterglow and the pair echo of the
prompt emission, plotted at t = 103.5 s (blue), t = 104.5 s (green)
and t = 105.5 s (red), for the case ofBIG = 10
−20 Gwith λcoh = 1
Mpc. The Fermi/LAT and MAGIC II sensitivities (with the duty
factor of 20 %) also plotted for comparison. The prompt emission
spectrum at t = 0 s is shown, with Eγ,>0.1 TeV = 10
52 ergs as-
sumed. The canonical afterglow spectrum is also shown for the
case of Ek = 10
53 ergs and p = 2.0, The source redshift is z = 0.1.
In general the result depends on the source distance and
the afterglow parameters which should be determined from
observational properties. In any case, the expected lower
bounds are comparable to those derived for blazar flares
(Murase et al. 2008b).
Similar to the case of blazar flares, one expects that
whether the afterglow pair echo dominates over the primary
emission depends on the high-energy afterglow spectrum. In
Figs. 3 and 4, we show the case of p = 2.4, corresponding to
FSSC ∝ E−1.2SSC . Obviously, such steeper indices make it more
difficult to see the afterglow-induced pair echo emission. This
is just because steeper indices imply the smaller TeV flux
compared to the GeV flux as for the afterglow emission.
Hence, the electron spectral index is one of the uncertainties
that are closely relevant to whether the afterglow-induced
pair echoes are detectable. Also, it is clear that brighter
afterglows are favorable for detections. Since the pair echo
can be dominant over the afterglow itself only after the jet
break, we need to observe kind of energetic afterglows with
Y (1 + Y )−1ǫeEk > 1051.5 ergs for z = 0.1 (see Figs. 1-4).
3.2 Prompt-Induced Pair Echoes vs Afterglows
In Figs. 5 and 6, we show the resulting spectra and light
curves of the prompt-induced pair echo. The parameters
for the primary prompt emission are taken as the follow-
ing: Eγ,>0.1 TeV = 1052 ergs, β = 2.2 and Ecutγ = 100.5 TeV.
The duration in the local rest frame is set to ∆T ′ = 25 s. For
comparison we also show the afterglow spectra/light curves.
We notice that the prompt-induced pair echo has been dis-
cussed by several authors before, but the comparison with
the afterglow flux was never done previously. We find that
the pair echo is observable only when GRBs are strong TeV
emitters, i.e. Eγ,>0.1 TeV > 1052 ergs for our afterglow pa-
rameters (where Y (1 + Y )−1ǫeEk > 1052 ergs). This is a
strong requirement for the GRBs with canonical afterglows.
For weak but non-zero IGMFs, the pair echo lasts for a
c© 2008 RAS, MNRAS 000, 1–9
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Figure 6. Light curves of the afterglow and the pair echo for the
prompt emission compared with the LAT sensitivity at 1 GeV
(thick) and 10 GeV (thin), for the case of BIG = 10
−20 G and
BIG = 10
−18 G with λcoh = 0.1 kpc. Here Eγ,>0.1 TeV = 10
52
ergs is assumed. The source redshift is z = 0.1.
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Figure 7. Spectra of the afterglow and the pair echo of the
prompt emission, plotted at t = 103.5 s (blue), t = 104.5 s (green)
and t = 105.5 s (red), for the case of BIG = 10
−20 Gwith λcoh = 1
Mpc. The Fermi/LAT and MAGIC II sensitivities (with the duty
factor of 20 %) also plotted for comparison. The prompt emission
spectrum at t = 0 s is shown, with Eγ,>0.1 TeV = 10
53 ergs as-
sumed. The canonical afterglow spectrum is also shown for the
case of Ek = 10
52 ergs and p = 2.0, The source redshift is z = 0.1.
In order to demonstrate the effect of up-scattered CIB (USCIB)
photons (solid), curves without up-scattering of CIB photons are
also shown (dot-dashed).
longer time although its maximum flux is lower than the
case of BIG = 0. Then, the echo could still dominate over
the afterglow at late times after the jet break, since its light
curve is shallower than that of the afterglow.
In Figs. 7 and 8, we show the more optimistic cases
where brighter prompt emission and dimmer afterglow emis-
sion are assumed. In those cases, the observed behavior of
high-energy afterglows is quite different from the predicted
one from the afterglow theory, since the pair echo emission is
dominant for a long time. A weak but non-zero IGMF with
BIG < 10
−20 G can even make the pair halo out-shine the
shallow decay emission. In Figs. 7 and 8, we also show the
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Figure 8. Light curves of the afterglow and the pair echo for the
prompt emission compared with the LAT sensitivity at 1 GeV
(thick) and 10 GeV (thin), for the case of BIG = 10
−20 G and
BIG = 10
−18 G with λcoh = 0.1 kpc. Here the relevant parame-
ters of the prompt emission and afterglow are the same as those
used in Fig. 7. The source redshift is z = 0.1.
effect of up-scattered CIB photons. As is easily seen, their
effect is important at high energies above 10-100 GeV, which
can be crucial for detections through the MAGIC and VER-
ITAS telescopes. Note that this effect becomes important
when the intrinsic cutoff energy is not so high, as pointed
out in Murase et al. 2007. Otherwise, the up-scattered CIB
component is masked by the up-scattered CMB component.
In fact, it is typically difficult to see the former for afterglow-
induced pair echoes, where the pair echo spectrum at t is
composed of the up-scattered CMB photons produced by the
primary photons emitted at different times from the source.
Similar to what has been discussed in the previous sub-
section, one may obtain the lower bound on the IGMF for
non-detection of the prompt-induced pair echo. However,
the relative importance of the prompt-induced pair echo
with respect to the afterglow emission is complicated, which
strongly depends on the ratio of the prompt TeV emission
energy and the electron energy in the afterglow (ǫeEk). In ad-
dition, the afterglow-induced pair echo would also contami-
nate the prompt-induced pair echo. Here, for a conservative
estimate, let us consider the epochs of t < tj . Assuming that
TeV emission is detected, a non-detection of the pair echo
would lead to
BIG ·min[λ1/2coh, λ1/2IC ] > 10−19.5 G Mpc1/2, (5)
for our prompt and afterglow parameters used in Fig. 7.
4 PAIR ECHOES FROM “NAKED” GRBS
As seen in the previous subsection (see Figs. 5 and 6), af-
terglow emission may significantly mask a pair echo (for
both of long and short GRBs). Hence, of special interest
are the GRBs whose intrinsic high energy afterglow emis-
sion is weak and whose prompt TeV emission is strong.
Since almost all the long GRBs accompany afterglows, the
possible candidates of such bursts are likely to be a frac-
tion of short GRBs that do not show conventional X-ray
afterglows (only show a steep decay phase as the tail of
c© 2008 RAS, MNRAS 000, 1–9
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Figure 9. Spectra of the pair echo of the prompt emission from a
naked short GRB, plotted at t = 103.5 s (blue), t = 104.5 s (green)
and t = 105.5 s (red), for the case of BIG = 10
−20 Gwith λcoh = 1
Mpc. The Fermi/LAT and MAGIC II sensitivities (with the duty
factor of 20 %) also plotted for comparison. The prompt emission
spectrum at t = 0 s is also shown, with Eγ,>0.1 TeV = 10
51.5 ergs
assumed. The source redshift is z = 0.1.
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Figure 10. Light curves of the pair echo for the prompt emission
from a naked short GRB compared with the LAT sensitivity at
1 GeV (thick) and 10 GeV (thin), for the case of BIG = 10
−20
G and BIG = 10
−18 G with λcoh = 0.1 kpc. Here Eγ,>0.1 TeV =
1051.5 ergs is assumed. The source redshift is z = 0.1.
prompt emission spectrum). In fact, ∼ 1/3 of short GRBs
(e.g., GRB 050906, 051210, 070209, 070810B and 080121)
are such “naked” bursts maybe due to the low density of
the circumburst medium (e.g., La Parola et al. 2006). Since
these bursts are spectrally hard and less energetic (than their
long brethren), they may have prompt emission extending
to the TeV range (e.g., Gupta & Zhang 2007). These bursts
could therefore be the best targets to detect the pair echoes
or to use non-detections to constrain the IGMF.
In Figs. 9 and 10, we show the resulting spectra and
light curves of the prompt-induced pair echo from a nearby,
rather energetic short GRB. The parameters for the primary
prompt emission are taken as the following: Eγ,>0.1 TeV =
1051.5 ergs, β = 2.2 and Ecutγ = 10
0.5 TeV. The dura-
tion is set to ∆T ′ = 1 s. For naked GRBs, we expect
that the primary emission decays according to the curva-
ture effect, which typically drops as Fpri ∝ t−3. For in-
stance, when EγFγ ∼ 10−2 GeV cm−2 s−1 during the
burst, we have EγFγ < 10
−8 GeV cm−2 s−1 at t > 100
s. Hence, we omit the afterglow spectra/light curves in Figs.
9 and 10. As is seen in Fig. 10, the IGMF of BIGλ
1/2
coh ∼
10−22 G Mpc1/2 leads to the detectable flux at t ∼ 104 s,
which should be observed as extended high-energy emission
from short GRBs. Note that, when BIG ∼ 0 G, the pair
echo duration is determined by the angular spreading time,
300 s (n′CIB/0.1 cm
−3)
−1
. Therefore, it may typically be dif-
ficult for pair echoes to explain GeV emission whose time
scale is shorter (e.g., GRB 081024B and see also discussions
in Zou, Fan, & Piran 2008), but they may also generate the
high-energy extended emission.
For non-detections, one may obtain a constraint as
BIGmin[λ
1/2
coh, λ
1/2
IC ] > 10
−21.5 G Mpc1/2, (6)
for our optimistic prompt parameters. We need to observe
primary TeV emission for this purpose, but it is more diffi-
cult to make follow-up observations for short GRBs with
MAGIC and VERITAS, compared to long GRBs. Note
that significant and non-tentative TeV signals have not
been observed so far for both of the long and short GRBs
(Abdo et al. 2007; Albert et al. 2007). This may be because
a part of GRBs can be TeV emitters due to the small opti-
cal thickness for pair creation and TeV photons from distant
sources are significantly attenuated by the CIB.
5 SUMMARY AND DISCUSSION
In this paper, we have calculated the time-dependent spec-
tra of the secondary pair echoes from the GRB prompt and
afterglow TeV emission components that are attenuated by
the CIB, applying a recently developed formalism to prop-
erly describe the temporal evolution of the pair echoes. We
have compared the flux of the pair echoes to that of the af-
terglow, taking into account up-scattering of the CIB pho-
tons. In particular, we have demonstrated (1) that afterglow-
induced pair echoes can be important after the jet break for
long GRBs with a canonical afterglow; and (2) that prompt-
induced pair echoes may also outshine the afterglow emis-
sion, if the prompt TeV emission is intense, typically with
Eγ,>0.1 TeV > Y (1 + Y )−1ǫeEk.
Weak but non-zero IGMFs can be crucial for detectabil-
ity, since they make the duration of the pair echo emis-
sion much longer than the time scale of primary emission
(see Figs. 2, 4, 6, and 8). Although the detectability it-
self also depends on both of the spectral evolution of the
primary emission and detector sensitivities, such non-zero
IGMFs can make it easier to detect secondary photons at
late times when the pair echo emission remains shallow com-
pared to the afterglow emission. Concerning with the de-
tection of pair echo signals, “naked” (short) GRBs with-
out a significant afterglow emission could be more promis-
ing. The pair echo should be observed as extended emis-
sion with the time scale of t > 30 − 300 s. The obser-
vational prospects of such pair echoes are quite interest-
ing for the recently launched Fermi. Successful detections
may be possible for nearby, bright events, and would open
a new window to study the poorly unknown IGMF. Even
in the case of non-detections, lower limits on the IGMF of
c© 2008 RAS, MNRAS 000, 1–9
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BIG · min[λ1/2coh, λ1/2IC ] ∼ 10−20 − 10−21 G Mpc1/2 may be
obtained.
The main caveat in hunting afterglow-induced pair
echoes and pair echoes from short GRBs is that nearby
bright GRBs do not seem frequent. Although there is large
uncertainty on the nearby burst rate, the rate of bursts
occurring within z ∼ 0.3 is estimated as ∼ a few events
per year (e.g., Guetta et al. 2005; Guetta & Piran 2006;
Liang et al. 2007b). The actual detection rate also depends
on several factors such as the detector sensitivity and field
of view (e.g., ∼ 2.4 sr for the Fermi/LAT detector), so
that only a fraction of them would be detected. If all the
bursts are ideal TeV emitters, we can expect pair echoes
for these bursts in the near future. However, it is unlikely
that all the bursts are bright TeV emitters (and it seems
more plausible for prompt emission due to significant at-
tenuation by the pair creation). Although it is currently
impossible to predict how many bursts can be bright TeV
emitters in both the prompt and afterglow phases, the ex-
pected detection rate for z < 0.3 bursts would be “at
most” ∼ 1− 2 events per year. There may be further com-
plications about nearby GRBs. Some of the nearby long
bursts detected so far seem somewhat dimmer than clas-
sical GRBs occurring at z > 1, but their local rate may be
higher than the estimated local rate of classical GRBs (e.g.,
Guetta & Della Valle 2007; Liang et al. 2007b). Hence, we
may have more nearby bursts that can be detected in the
keV-MeV band by detectors with better sensitivities (e.g.,
EXIST ). But, since the typical luminosity of such low lu-
minosity bursts seems small, it is not so easy to see pair
echoes from them. In addition, energetic short GRBs as-
sumed in Figs. 9 and 10 would also be rare, whose radiation
energy is larger than the typical one (E isoγ ∼ 1050−51 ergs).
Nevertheless, possible detections of pair echoes would bring
us a big impact in understanding GRB physics and IGMF,
even though the bright TeV GRBs that can lead to such
detections are rare. The current on-orbit Fermi satellite is
suitable for such a purpose. MAGIC and VERITAS can also
provide valuable data via follow-up observations, since the
pair echo emission can last for a long duration of time. In the
near future, some constraints on the models may be achieved
even for non-detections.
We must also beware of the uncertainties in the intrin-
sic primary spectra since the pair echo flux depends on the
amount of TeV photons. As for afterglow emission, we only
consider the conventional forward shock model with energy
injection. Although other parameter sets or other models
such as the varying ǫe model can be considered, we expect
that the qualitative features of the pair echoes themselves
will not be changed significantly, as long as the light curve
of high-energy emission is similar to that of X-rays and the
amount of TeV photons is not too different from that invoked
in our case. As for the prompt emission, possible uncertain-
ties may come from the intrinsic emission properties such as
Ecutγ , as discussed in Murase et al. (2007).
The contamination by other high-energy emission
components might complicate the picture further. There
are many possibilities of high-energy gamma ray emis-
sion during the afterglow phase (see, e.g., Zhang 2007;
Fan & Piran 2008, and references therein). For example,
high-energy emissions associated with X-ray flares are ex-
pected at ∼ GeV energies. GeV photons can be produced
by both of the leptonic mechanisms (e.g., Wei et al. 2006;
Wang et al. 2006; Yu & Dai 2008) and the hadronic mech-
anisms (Murase & Nagataki 2006). In addition, the reverse
shock electrons can also provide high-energy photons during
the early afterglow phase. Nonetheless, it is in principle pos-
sible to distinguish the pair echo emission from other possi-
bilities, given an ideal broad-band (optical, X-ray, MeV and
GeV) observational campaign.
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